Simulations of QCPMG NMR type experiments have been used to explore dynamic processes of half-integer quadrupolar nuclei in solids. By setting up a theoretical approach that is well suited for efficient numerical simulations the QCPMG type experiments have been analyzed regarding the effect of the magnitude of the EFG-and CSA-tensors, the spin-quantum number, different dynamical processes and MAS. Compared to the QE experiment the QCPMG experiment offers not only intensity gain by an order of magnitude and changes in overall lineshape as a function of the kinetic rate constant but the lineshape of the individual spin-echo sidebands is also very sensitive towards dynamics. Hereby a visual identification of the dynamics is obtained. In common for all the simulations the spin-echo sidebands are narrow in the slow (k 6 10 2 Hz) and the fast (k P 10 7 Hz) dynamic regime whereas they are broadened in the intermediate regime 10 3 6 k 6 10 7 Hz. The maximum intensity of the spin-echo sidebands for two-site jumps is highly dependent on the type of anisotropic interactions involved and the type of QCPMG experiment. Hence, in the fast limit the maximum intensity was 140% of the initial intensity when significant CSA was present or under the QCPMG-MAS experiment compared to 89 or 71% for the static experiment influenced by the quadrupolar interaction only. For 3-, 4-, and 6-site jumps the maximum intensity in the fast limit reached up to 339% of the intensity in the static limit.
Introduction
The major part of the NMR active nuclei in the periodic table are half-integer quadrupolar nuclei. Depending on their Larmor frequency, natural abundance and quadrupole moment these can be classified experimentally as easy, intermediate or difficult accessible nuclei. Recent advents of magnets with a very high magnetic field (up to 21.14 T) have moved a wide range of low-c nuclei from the difficult into the intermediate range.
Combined with improvements on probes and consoles this allows for more advanced experiments on these nu-clei. In this context studies of dynamics have become feasible for a wide range of nuclei such as 39 K, 25 Mg, 67 Zn, and 87 Sr, that previously have been difficult to study using state-of-the-art equipment.
Many of these nuclei are of particular interest because of their structural significance in ion-exchange materials [1] [2] [3] , modifier ions in glasses [4] , or active sites in metallo-proteins [5] [6] [7] [8] . Therefore, experimental analysis of the dynamic properties for these nuclei is a key issue in order to gain important insight into these classes of materials and molecules. Traditionally studies of dynamics by solid-state NMR have been explored by 2 H NMR using either static or MAS experiments. This approach has proved to be a powerful tool for analysis of motional processes and significant effort has been devoted to analysis of deuterated compounds and development of experiments for comprehensive studies of 2 H dynamics [9] [10] [11] [12] .
Only recently the effects of molecular dynamics have been studied in detail for half-integer quadrupolar nuclei [13] [14] [15] [16] . These studies have been performed using the either single-pulse, spin-echo or inversion recovery experiments under static or MAS conditions. Combined with lineshape simulations this has provided information about the dynamics.
Previously it has been demonstrated that static 2 H QCPMG experiments provided not only an increase in sensitivity but also a visible effect of the dynamics as the lineshape of the spin-echo sidebands is sensitive to the magnitude of the rate constant [17] . Therefore, the present work is focused on the effects of the QCPMG experiment [18] on the central transition under the influence of motion. The analysis will be performed for static QCPMG as well as QCPMG-MAS [19, 20] type experiments to explore effects of sample spinning.
Theory
The calculations presented here are based on the density operator formalism using the Liouville-von-Neumann equation. Following the approach of Barbara et al. [21] the Hamiltonian for a N-site jump may be written as
where q is the density operator, H is the effective Hamiltonian, k is the exchange rate and P is a permutation operator. The density operator can be expressed as a linear combination of operators forming a complete basis set. For a spin-I nucleus a complete basis set consists of dim = ((2I + 1) 2 À 1) basis operators for each of the N sites resulting in a total of R = N AE dim operators. Therefore, the density operator may be written as
where fO i g R i¼1 denotes a complete set of basis operators and m i (t) denotes the time dependent coefficients m i (t), i = 1, . . . , R. Using the form of Eq. (1) these coefficients must fulfill
which has the general solutioñ
LðtÞ dt
where the Dyson time-ordering operator [22] , T, is used for evaluating the integral when L (t) is time depen-dent-e.g., under MAS. The exact expression for of L (t) will be developed in the following. The theoretical approach by Barbara et al. [21] only considers the case for I = 1 and a two-site jump. Therefore, the basis set in their analysis has to be expanded in order to extend the formalism to include 3-, 4-, and 6-site jumps and spin quantum numbers 3/2, 5/2, 7/2, and 9/2 as well. An adequate basis set may be obtained from Bowden et al. [23, 24] which was developed for multiple-quantum experiments. In this formalism the irreducible spin operators T n q , n = 0, . . . , 2I; q = Àn, . . . , n, of rank n and order q form an orthogonal basis set. For general spin-I the operators, T n q , are defined as [23] :
where the sum over m is only defined when none of the terms contain negative factorials [25] and
The orthonormal basis derived from these operators is going to form the complete set of basis operators. These are defined as [23]
The theoretical approach will take use of these operators.
The effective Hamiltonian will be described for a single site, site v, but for simplicity the formalism omits the index v unless it is absolutely necessary as the expressions are equivalent for all sites in the N-site jump process.
For a system including both CSA-and quadrupolar interactions the effective Hamiltonian for a single site during a pulse is
in which H r includes the isotropic as well as the anisotropic part of the chemical shielding, and H ð1Þ Q and H ð2Þ Q denote the first order and the secular parts of the second order quadrupolar interaction, respectively, and H rf represents the rf-operator for a pulse with phase h. In the standard Zeeman basis these operators are defined as
; ð15Þ
; ð16Þ
and C Q ¼ e 2 qQ h denotes the quadrupolar coupling constant, x rf = ÀcB rf is the rf-field strength, x 0 = ÀcB 0 the Larmor frequency and d iso and d r the isotropic and anisotropic chemical shift (CSA), respectively. In their principal axis frames (P) the non-zero elements of the EFG (superscript Q)-and CSA (superscript r)tensors are given by R
, and R r P ðÀ2Þ ¼ R r P ð2Þ ¼ Àd r g r =2, R r P ð0Þ ¼ 
k;m ða CR ; b CR ; c CR ÞD ð2Þ m;n ðx r t; b RL ; 0Þ; ð18Þ
;v Þ are the angles describing the transformation from the principal axis frame (P) of the EFG-tensor into the crystal fixed frame (C) for site v. It is noted that the Euler angles corresponding to a N-site jump may be given by [26] 
When the CSA is present the Euler angles X r PP ¼ ða r PP ; b r PP ; c r PP Þ transform the CSA-tensor from its principal axis system into the principal axis system of the EFG-tensor. The angles for powder averaging X CR = (a CR , b CR , c CR ) describe the transformation from the crystal frame to the rotating frame (R) in case of MAS. The last transformation by X CR = (x r t, b RL , 0) describes the transformation from the rotating frame to the laboratory frame, where x r denotes the spin-rate and b RL the magic angle. For static samples Eqs. (18) and (19) are reduced to
Using the tensor operators T n q the Hamiltonians may be described as
That is, the total effective Hamiltonian during a pulse with phase h may be written as
where a, b, c, and d are given by
During acquisition and delay periods the effective Hamiltonian reduces to
That is, only zero order operators are present during these periods. Arranging the basis operators according to their order, i.e.
and taking the form of Eq. (1) into account the L-matrix must be of the form
where E is the identity matrix and the entries of A v may be calculated as:
where H tot,v denotes the effective Hamiltonian for site V. It is noted that the A v -matrices and thereby the L-matrix during free precession are block-diagonal consisting of 1 · 1, . . . , 2I · 2I matrices as different coherence orders do not mix when no rf-pulses are present. This means that the exponential of the L-matrix may be evaluated using N · N, . . . , (2N)I · (2N)I dimensional sub-spaces when dynamics is included for a N-site jump. One specific submatrix, L 0 , operating on the basis operatorsT 2I 0 ; . . . ;T 1 0 for a N-site jump during free precession can be evaluated analytically because of its high degree of symmetry. That is, ð36Þ which means that
. .
in which
The signal obtained for a single crystallite corresponding to the orientation X CR = (a CR , b CR , c CR ) is calculated using:
That is, only parts of the density operator containing terms with I À contributes to the signal. Noting that I þ ¼ À ffiffiffiffiffi 10 pT 1 1 and using that theT n q operators form an orthonormal basis onlyT 1 À1 contribute to the signal. Taking into account that
the total powder signal for a N-site jump process may be calculated as:
where m 1 À1;v ðt; X CR Þ denotes the coefficient ofT 1 À1 for the v 0 th site.
Numerical simulations
Calculations were performed for nuclei having spins of 3/2, 5/2, 7/2, and 9/2. The Larmor frequencies were 23.325 (I = 3/2), 30.597 (I = 5/2), 33.641 (I = 7/2), and 39.004 (I = 9/2) MHz when only the quadrupole interaction was included. This corresponds to 39 K, 25 Mg, 43 Ca at 11.74 T, and 87 Sr at 21.14 T. Regarding analysis of the CSA-effect on a spin-7/2-nucleus a Larmor frequency of 118.071 MHz was employed corresponding to 59 Co at 11.74 T.
The QCPMG/QCPMG-MAS pulse sequence may be depicted as p 2 À s 1 À ðpÞ À s 2 À Acq: s a 2 À ½s 3 À ðpÞ À s 4 À Acq:ðs a Þ M À Acq:ðs d Þ;
where (/) denotes a central transition selective /-pulse, s j a delay and Acq.(s) acquisition during a period s. For QCPMG-MAS the condition 2pT r = s 3 + s 4 + t p + s a , where p is an integer, t p is the duration of a selective p-pulse, and T r the rotor period, must be fulfilled. Based on the previously observed significant effect of finite rf-pulses in QCPMG [18] and QCPMG-MAS [20] spectra this effect is included in all calculations. Unless stated specifically in the figure caption the following parameters were employed for the static QCPMG spectra: g Q = 0.5, d iso = 0.0 ppm, s a = s d = 1.0 ms, M = 40, s 1 = s 2 = s 3 = s 4 = 100.0 ls, dwell time = 5.0 ls using a Gaussian linebroadening of 10 Hz. The same parameters were applied for the calculation of the QCPMG-MAS spectra except for s d = 0.5 ms, M = 20, s 1 = s 2 = 50.0 ls, s 3 = s 4 = 46.0 ls and a Gaussian linebroadening of 20 Hz. The spin-rate was 20.0 kHz and the time increments were 1.0 ls during both rfpulses and periods of free precession.
For a N-site jump the Euler angles for the v 0 th site were defined by the orientations X Q PC;v ¼ ð0; p 3 ; v 2p N Þ; v ¼ 0; . . . ; ðN À 1Þ. Powder averaging was obtained by using 6765 (a CR , b CR ) angle-pairs according to the Zaremba scheme [27] for the static spectra whereas 610 Zaremba (a CR , b CR ) angle-pairs and 20 equidistantly distributed c CR -angles were employed for the QCPMG-MAS calculations.
The rf-field strengths were all in the central transition selective regime using the condition 2pC Q 4Ið2IÀ1Þjx rf j > 3. This means that the nominal pulse widths were divided by (I + 1/2).
All calculations were performed on a Dell Inspiron 8200 (Laptop) equipped with a 2.0 GHz Pentium IV processor using homemade Fortran 77 programs. The programs employ the zgeev-routine from the LA-PACK-package [28] for diagonalization and determination of eigenvalues and eigenvectors of matrices with complex entries. Processing times varied between 2.5 min (two-site jump, I = 3/2) to 847 min (two-site jump, I = 9/2) for the calculation of a static QCPMG FID whereas 2119 min were required for a QCPMG-MAS FID (two-site jump, I = 3/2). For comparison an ideal single-pulse MAS FID with 256 complex points using conditions identical to the QCPMG-MAS calculations a processing time of 50 min. was required. This significantly longer processing time compared to a static QCPMG calculation is in part caused by the fact that the numerical integration needs to be performed for 3 Euler angles instead of 2 for a static. More importantly, the non-diagonal entries in the Hamiltonian during delays demand for time-ordered propagation in these periods which includes a diagonalization for each time increment whereas only one diagonalization is required for each delay in the static case.
Results and discussion

QCPMG vs. QE experiments
In Fig. 1A a range of calculated quadrupole echo (QE) [29, 30] and QCPMG spectra for a fictitious spin-3/2 nucleus employing different kinetic rate constants are presented. All spectra are calculated for a two-site jump process. In the region of k 6 10 2 Hz (Fig. 1A, a1 to Fig. 1A, c1 ) the lineshapes for the QE spectra are almost identical whereas a significant linebroadening and thereby drop in intensity is observed for the QCPMG spectra when going from k = 10 1 Hz (Fig. 1A, b2 ) to k = 10 2 (Fig. 1A, c2 ) Hz. For k = 10 3 Hz (Fig. 1A, d2 ) broad lines are observed in the QCPMG spectrum whereas subtle changes in the lineshape are observed for the QE spectrum. In the intermediate regime, 10 4 6 k 6 10 7 Hz, major changes in the lineshape are observed in both kinds of spectra but moreover the individual spin-echo sidebands become narrower in the QCPMG spectra. At faster dynamics minor changes in the lineshape are observed for both QE and QCPMG spectra but in the QCPMG spectra the spin-echo sidebands also narrow down to the same level as for very slow dynamics.
The relative maximum intensities for the QE and QCPMG spectra are shown in Fig. 1B . Because of the intensity gain by a factor of 43 due to the train of p-pulses the intensity of the QCPMG spectra are significantly stronger than the corresponding QE spectra. The trend observed by the linewidth as a function of log (k) is illustrated by the intensity minimum at 10 3 6 k 6 10 5 Hz. Moreover it is noticed that the intensity descends faster than it rises and only reaches 71% of its initial magnitude in the fast dynamics limit.
Effect of spin-quantum number
To explore the effect of the spin-quantum number I a series of QCPMG spectra are calculated for fictitious spin-3/2, spin-5/2, spin-7/2, and spin-9/2 nuclei performing two-site jumps. These spectra are displayed in Fig. 2 . In general the spin-echo sidebands follows the previously described pattern for I = 3/2 but for I = 9/2 the lower rf-field strength reduces the intensity of the spin-echo sidebands around 8 kHz in the spectra for 10 5 6 k 6 10 8 Hz (Fig. 2, f4-i4 ). The relative maximum intensities for the various nuclei as a function of rate constant are depicted in Fig. 3 . For clarity the intensity of the spectra with k = 10 À9 Hz (not shown) are set to 1.00 for all nuclei. It is noted that the intensity are almost identical for k 6 10 3 Hz. From this point it seems that the intensity increases at a slower rate for I = 7/2 and 9/2 than for I = 3/2 and 5/2. In the fast limit the intensities for I = 9/2 is lower than the nuclei with lower spins. This is mainly ascribed to the lower rf-field strength because the spin-echo sidebands with the highest intensities are 12 kHz away from the transmitter and therefore not ideally excited with an rf-fields strength of only 16.67 kHz.
Effect of C Q , spin-echo sideband separation and CSA
To clarify whether the magnitude of C Q , the spin-echo sideband separation and the CSA have any effect of the intensity as a function of the rate constant a series of spectra varying these parameters have been calculated. Their corresponding maximum intensities are depicted in Fig.  4 . In Fig. 4A maximum intensities for spin-3/2 QCPMG spectra calculated for C Q = 2.0 (solid line) and 4.0 MHz (filled circles) are displayed. In the slow dynamics region below k = 10 3 Hz the intensities agrees very well but the intensity minimum is broader for the larger C Q and only 53% of the initial magnitude is reached in the fast limit compared to 71% for the smaller C Q . Fig. 4B displays the intensity course for a series of spin-3/2 QCPMG spectra calculated for C Q = 4.0 MHz Fig. 1. (A) Calculated static spin-3/2 QE (left column) and QCPMG (right column) spectra for a two-site jump employing rate constants of (a1, a2) 10 0 , (b1, b2) 10 1 , (c1, c2) 10 2 , (d1, d2) 10 3 , (e1, e2) 10 4 , (f1, f2) 10 5 , (g1, g2) 10 6 , (h1, h2) 10 7 , (i1, i2) 10 8 , (j1, j2) 10 9 , and (k1, k2) 10 10 Hz. The spectra are calculated using x rf = À31.25 kHz, C Q = 2.0 MHz and apodized by Gaussian linebroadenings of 250 and 10 Hz for the QE and QCPMG spectra, respectively. For the QE spectra in the left column the relative intensity of the spectra are (a1) 1.00, (b1) 0.99, (c1) 0.94, (d1) 0.61, (e1) 0.25, (f1) 0.49, (g1) 1.27, (h1) 1.39, (i1) 1.01, (j1) 0.93, and (k1) 0.92, respectively. For the QCPMG spectra in the right column the relative intensity of the spectra are (a2) 0.98, (b2) 0.81, (c2) 0.25, (d2) 0.042, (e2) 0.061, (f2) 0.13, (g2) 0.19, (h2) 0.27, (i2) 0.48, (j2) 0.61, and (k2) 0.71, respectively. The maximum intensity of the spectrum in (a2) is 43.1 times higher than the spectrum in (a1). (B) Maximum intensities of calculated spin-3/2 QE (filled circles) and QCPMG (solid line) spectra. The intensities of the QE spectrum corresponding to k = 10 À9 Hz (not shown) are set to 1.0 for reference. with spin-echo sideband separations of 1 (solid line), 5 (filled circles), and 10 (filled triangles) kHz. These intensities follow similar patterns but the wider spin-echo sideband separation causes a steeper descend toward the minimum and a slower increase in intensity after the minimum. It must be stressed that the intensity in the spectra with a spin-echo sideband separation of 10 kHz is 10.9 times higher than the ones with a separa-tion of 1 kHz which makes the spectra with the larger separation very attractive for an initial series of quick VT experiments to obtain an overview of the dynamics in an unknown compound.
To explore the combined effect of the CSA-and the EFG-tensors a series of spin-7/2 QCPMG spectra have been calculated as both interactions may be large for this nucleus. In Fig. 4C the maximum intensities for Fig. 2 . Calculated static QCPMG spectra for a two-site jump employing rate constants of (a1, a2, a3, a4) 10 0 , (b1, b2, b3, b4) 10 1 , (c1, c2, c3, c4) 10 2 , (d1, d2, d3, d4) 10 3 , (e1, e2, e3, e4) 10 4 , (f1, f2, f3, f4) 10 5 , (g1, g2, g3, g4) 10 6 , (h1, h2, h3, h4) 10 7 , (i1, i2, i3, i4) 10 8 , (j1, j2, j3, j4) 10 9 , and (k1, k2, k3, k4) 10 10 Hz. In column 1 a series of spin-3/2 spectra are calculated employing x rf = À31. 25 spectra without (solid line) and with the CSA interaction (filled circles) are displayed. The third intensity curve (filled triangles) illustrates the course of intensity if all spectra are normalized relative to the spectrum with quadrupolar interaction only and k = 10 À9 Hz to show the effect of the large CSA of 500 ppm. In the slow motion range the course of intensity is similar for the two types of spectra but in fast limit the intensity of the spectra with the CSA interaction increases much faster and reaches 142% of its initial magnitude in the fast limit compared to 89% when no CSA is present. Hereby the intensity curve will be an easy way to tell if significant CSA is present.
3-, 4-, and 6-site jumps
Often 3-, 4-, and 6-site jumps are of interest as well and therefore series of QCPMG spectra for a spin-3/2 nucleus are calculated for these types of dynamic processes. The spectra are displayed in Fig. 5 . Compared to the linebroadening effects observed for two-site jumps the effects on these spectra are more dramatic. Most pronounced are the linebroadenings in the regime 10 3 6 k 6 10 5 Hz (Figs. 5, d1-f1 and d2-f2) where spin-echo sideband almost collapses into a spin-echo lineshape. This broadening effect is strongest for the 6site jump and decreases with the order of the jumping process. In this context it is also noted that the linebroadening effect is observed for k = 10 1 Hz for a 6-site jump whereas it is not observed until k = 10 2 Hz for 3and 4-site jumps. This also demonstrates that in the slow motion limit the linewidth of the spin-echo sidebands reflects the inverse lifetime in a site. In this limit identical spectra are expected for the same value of N AE k, where N is the number of sites. In the fast regime the line narrowing sets in around k = 10 8 Hz for all three types of motion. For all three processes the width of the central transition becomes narrower in the limit of fast dynamics.
The corresponding maximum intensity curves are displayed in Fig.6 . For slow dynamics the intensities for the higher order jumps decrease faster but after the broad minimum between k = 10 3 and k = 10 5 Hz they also increase much faster. Especially for the 6-site jump where the intensity in the fast limit is 339% of the initial intensity. For the 3-and 4-site jumps the intensities in the fast limit are 107 and 129% of the initial intensity, respectively.
Effect of MAS
When investigating dynamics of 2 H by NMR the single pulse MAS experiment has been demonstrated to be extremely sensitive towards the kinetic rate constant [12, 31] . In 2 H spectra QCPMG and single-pulse MAS experiments both split the static lineshape into sidebands whose lineshape are highly dependent on dynamics. For the central transition the single-pulse MAS experiment only narrows the lineshape [13] but besides that it does not provide any more information than the QE experiment. Therefore the ability to produce Fig. 5 . Calculated static spin-3/2 QCPMG spectra for a 3-site (column 1), 4-site (column 2), and 6-site (column 3) jumps employing rate constants of (a1, a2, a3) 10 0 , (b1, b2, b3) 10 1 , (c1, c2, c3) 10 2 , (d1, d2, d3) 10 3 , (e1, e2, e3) 10 4 , (f1, f2, f3) 10 5 , (g1, g2, g3) 10 6 , (h1, h2, h3) 10 7 , (i1, i2, i3) 10 8 , (j1, j2, j3) 10 9 , and (k1, k2, k3) 10 10 Hz. All spectra are calculated employing x rf = À31.25 kHz and C Q = 2.0 MHz. In column 1 the relative intensity of the spectra are (a1) 0.96, (b1) 0.68, (c1) 0.13, (d1) 0.014, (e1) 0.0061, (f1) 0.030, (g1) 0.088, (h1) 0.18, (i1) 0.60, (j1) 0.81, and (k1) 1.07, respectively. In column 2 the relative intensity of the spectra are (a2) 0.94, (b2) 0.58, (c2) 0.089, (d2) 0.012, (e2) 0.0094, (f2) 0.032, (g2) 0.14, (h2) 0.38, (i2) 0.72, (j2) 0.94, and (k2) 1.29, respectively. In column 3 the relative intensity of the spectra are (a3) 0.90, (b3) 0.43, (c3) 0.053, (d3) 0.0053, (e3) 0.0014, (f3) 0.038, (g3) 0.23, (h3) 0.80, (i3) 2.13, (j3) 2.67, and (k3) 3.39, respectively. The intensities of the spectra corresponding to k = 10 À9 Hz (not shown) are set to 1.0 for reference. sidebands that are sensitive to dynamics is unique for the QCPMG experiment. The combination of MAS and QCPMG may still provide interesting information in a addition to the one obtained from the static QCPMG experiment. Therefore the effects of the QCPMG-MAS experiment have been explored in the following.
When MAS is included the Hamiltonian becomes time-dependent and it is important to propagate the density operator in sufficiently small time increments to ensure convergence. This is particular important during rf-pulses. In Fig. 7 calculated QCPMG-MAS spectra for a spin-3/2 nucleus performing a two-site jump and using time increments during the rf-pulses of 1.0 ls (Figs. 7c and f) and 0.1 ls (Figs. 7b and e ), Fig. 6 . Maximum intensities of calculated spin-3/2 QCPMG spectra depicted in Fig. 5 for 3-site (filled triangles), 4-site (filled circles) and 6site (solid line) jump processes. The intensities of the spectra corresponding to k = 10 À9 Hz are set to 1.0 for reference. Fig. 7 . Calculated spin-3/2 QCPMG-MAS spectra for a two-site jump employing time increments of (c,f) 1.0 ls and (b,e) 0.1 ls using rate constants of (b,c) 10 6 , and (e,f) 10 9 Hz. All spectra are calculated for x rf = À31.25 kHz and C Q = 2.0 MHz. The spectrum in (a) is the difference between (c) and (b), and the spectrum in (d) is the difference between (f) and (e). Both difference spectra are scaled vertically by a factor of 10. respectively, and their difference spectra (Figs. 7a and d) are displayed. The spectra are calculated for dynamic rate constants of 10 6 Hz (Figs. 7b and c) and 10 9 Hz (Figs. 7e and f). As the difference spectra even vertically by a factor of 10 are very close to zero intensity it is concluded that time increments of 1.0 ls is sufficient to ensure convergence during rf-pulses. This time increment will also be used during periods of free precession. Fig. 8A displays a series of QCPMG-MAS spectra for a spin-3/2 nucleus performing a two-site jump under 20 kHz of MAS. As for the static spectra the spin-echo sidebands are narrow in the slow motion limit below k = 10 2 Hz (Fig. 8A, a and b ) and in the fast motion limit above k = 10 8 Hz (Fig. 8A, j and k) . In the intermediate region the spin-echo sidebands become broader up to k = 10 5 Hz (Fig. 8A, f) and then narrows up for faster dynamics. At k = 10 5 Hz the spin-echo sidebands are almost collapsed into a spin-echo lineshape. As for the static QCPMG spectra the lineshape becomes narrower in the fast limit regime but the width of the spin-echo sidebands goes through a maximum around k = 10 5 Hz in the process of narrowing up the lineshape which is not observed in the static QCPMG spectra.
In Fig. 8B the maximum intensities of the QCPMG and QCPMG-MAS spectra are depicted. One striking difference is the very clear minimum range for the QCPMG-MAS spectra between k = 10 3 and k = 10 6 Hz. The intensity for the static spectra slowly increases and reaches around 75% of the initial intensity at k = 10 10 Hz whereas the intensity increase is much steeper under MAS and reaches 139% of the initial intensity in the fast limit.
Conclusions
In the present work the effects of molecular dynamics in QCPMG type solid-state NMR spectra have been analyzed theoretically and numerically. Two-site jump processes have been analyzed in particular and it has been shown that significant linebroadening of the spinecho sidebands is induced in when the kinetic rate constant (k) is in the region 10 2 6 k 6 10 7 Hz-particular in the 10 3 6 k 6 10 5 Hz regime. For higher order jump processes, 3-, 4-, and 6-site jumps, the linebroadening effect is even more pronounced. Therefore the QCPMG approach is an attractive alternative to the standard QE experiment as the spin-echo sidebands are very sensitive to k and the maximum intensity is about an order of magnitude higher.
Based on the present numerical results it is anticipated that QCPMG and QCPMG-MAS experiments will be important tools for analysis of molecular dynamics by solid-state NMR spectroscopy on half-integer quadrupolar nuclei.
